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Overview

1. Motivation
A. Rational: Scientific Unknowns
o Soon to be knowns?
B. Emotional: Fear!!!
o Is this a show-stopper?
2. Potentially Problematic Plasma Effects
A. Plasma Formation / lonization

Plasma Beam Loading
Dark Current

oW

Beam Instabilities
E. Avalanche Formation (incomplete)

3. Conclusions
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Motivations

= Plasma means free electrons

= Electrons are light and move easily

= Electron clouds have been known to cause problems
= Plasma can drive instabilities in beam

= Beam induces wake in plasma, which in turn produces
undesired fields
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Motivations

= Plasma means free electrons

= Electrons are light and move easily

= Electron clouds have been known to cause problems
= Plasma can drive instabilities in beam

= Beam induces wake in plasma, which in turn produces
undesired fields
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Next bunch receives
a transverse kick!
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Motivations

= |t's a complicated set of interdependent processes
= |mpact ionization (multiple levels of ionization)
= Electron diffusion in the plasma
= Electron-ion recombination (multiple ways)

= “Large” uncertainties
= Large enough to cause concern
= Little confidence in ionization/recombination cross sections
o Need experiments!
= Potentially lots of processes (coupled) to model
o What if you forget one?
o Difficult to model
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Beam-Induced
Plasma Formation

* Impact ionization leads to plasma formation

dn.
dt

= Nbeamn Nmat O (Ubeam)vbeam = I e

» Plasma dissipated by other processes

dn
“=_—Qn,
dt 0 D,
= Recombination b= r2
- Diffusion } 0= 10p + Qg o
QR = Nmat OR(”e)ve‘
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Beam-Induced
Plasma Formation

* Impact ionization leads to plasma formation

dn.
dt

= Nbeamn Nmat O (Ubeam)vbeam = I e

» Plasma dissipated by other processes

dn
“=_—Qn,
dt 0 D,
= Recombination b= r2
- Diffusion } 0= 10p + Qg o
QR = Nmat OR(”@)U(&‘

Recombination tends to dominate!
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Plasma Density
Evolution

Until the plasma density gets very large...

dn.
dt

=F,—Qn,

Largest possible density is easy to find

. B F,
Lim ne(t) = noo =

which is approached for an infinitely long beam
(CW).
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Z CW Beam Maximum

Plasma Densities
Consider HP GH,, LH,, and LiH absorbers

Consider a CW muon beam before and after cooling

N Radius KE Npeam
nitial  55.x 102 015m 150 MeV 4.3 x 107 m™
Final 3.3 x 102 0.01m 150 MeV 5.8 x 108 m-3
Maximum (CW) Densities in each material Comparable!
HP GH, LH, LiH
nitial 4.7 x 105m? 47 x10°m3 3.0 x 107 m3
Final  6.3x107m?®  63x107m3 4.1 x 108 m?3
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Bunched-Beam
Plasma Evolution

= Assume F,(t) is a periodic step-function...

Density versus Time

45}

Bunch Periods
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Bunched-Beam

Plasma Evolution

* Assume a 201.25 MHz micro-bunching (20 bunches)
and a single-pulse approximation to initial beam

N Tbunch nbeam
Micro 2.75 x 1012 1ns 1.4 x 104 m=3
Pulse 55. x 1013 100 ns 2.8 x 1013 m3

=  Assume a train of 805 MHz bunches at 15 Hz for the
final beam

N Tbunch nbeam
Pulse 3.3 x 1012 0.5ns 7.7 x 1016 m=3
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Max/Min Bunched-
Beam Plasma Densities

= [|nitial and final beam approximations:

n... HPGH, LH, LiH Plasma

Micro 1.6 x 103m3 1.6 x10¥m3 1.0 x 104m=3| densities
Pulse 3.1 x102m3 3.1x1012m3 2.0 x 10'3m3| Mmuch less
Final 84 x105m3 8.4 x105m3 55x 1016m3| than material

densities
n.. HP GH, LH, LiH (~1028 m-3)
Micro 0 0 0 comparable
Pulse 0 0 0 with beam
Final 0 0 0 densities!

No residual plasma between bunches!
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RF Plasma Currents

= What if the plasma is driven by RF?
= For example, in HP GH, filled RF cavities
= RF cavity will accelerate free electrons easily
= Predicted ionization levels are not “full ionization”
= Could seed an avalanche
= Would expect Paschen’s Law to still apply

= (Can predict currents in 15 MV/m fields
= Drift velocity of electrons given by mobility in gas
=  With drift velocity, ratio of currents can be computed

I, Ne Ve HPG LH2

Lovurn Mobear Ubearn Ve | 7.4 x 103 m/s | 5.5 x 10° m/s

Small!!!
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Beam-Driven
Plasma Currents

Energetic beam fields can drive further ionization

Can lead to an avalanche!
Ny, = (7,/€)00000t N Jg0ly, — 10, (O, + ty, )
+ nZOnl +acx o

Rig== (jb/e)olinlo + 21 Ny 0y + 20 005 Oy,

—NJ ol F N, O RN, Oy

n,= (j p/e )0'1;'"10 TR N A = Ny, X =00, O
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Beam-Driven
Plasma Currents

= Beam-induced Impact lonization:

+ n20n1+acx ¢

Mio™= ‘[(jb/e)°1in1(>]+ 21 poOay + 21 15 Oy,

—NJ ol F N, O RN, Oy

n,. =[(] p/e )olinlo}nenloali = Napf?y Xy =00, Oy,
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Beam-Driven
Plasma Currents

* Free-electron-induced Impact lonization:

n,, = (_;'b/e [0 P +[nen20a2i]- n My, (O, + Aye,)

+ n20n1+acx ¢

Rig== (jb/e)olinlo + 21 Ny 0y + 20 005 Oy,

{nenwali]* Npghy X T n, O . .

n,= (j p/e )0'1;*"10 "[”enmal i]— Moy Aoy =N, Oy
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Beam-Driven
Plasma Currents

= [Electron-ion Recombination:

Ny, = (7,/€)0,50% 1 Ha00y, —[nenz*(azdr + azc,)]

+ n20n1+acx ¢

Mig= = (jb/e)olinlo + 20 150054 +[2nen2 +a24r]

—NM 1ol M, Oy, ne"1+a1c7]-

n,,=(J b/e YO Mo TR GO = Np gy O —[nen“al cr]
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Beam-Driven
Plasma Currents

= Molecular Disassociation:

Ny, = (7,/€)00000t N Jg0ly, — 10, (O, + ty, )

+nmﬂhaﬂ’

Rig== (jb/e)olinlo "'[znenzoazd}* 21 1y Oy,

=N 0Q;; TN, QTR N,

ler

ny,= (] b/e ) 1o T A R T POV I SR (O M T
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Beam-Driven
Plasma Currents

= Charge Exchange:

Ny, = (7,/€)00000t N Jg0ly, — 10, (O, + ty, )

+[n20n1 + cx]-

Rig== (jb/e)olinlo + 21 Ny 0y + 20 005 Oy,

PSR '*'[nzo”hac,c]"'ne"halcr .

n,= (j p/e )0'1;*"10 tnn Q) ; _[n20n1+acx]_ nn, & .,
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Conclusions

Plasma densities comparable with beam densities

Recombination time scales much shorter than beam
time scales

= No residual plasma left in material between pulses

= No beam instabilities driven

RF-driven plasma currents small compared with
beam current

= No beam loading
Avalanche possible, but maybe avoidable
= Requires further investigation

Largest uncertainties are in cross sections
= Need to check with experiment
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